Meiosis relies on the SPO11 endonuclease to generate the recombinogenic DNA double strand breaks (DSBs) required for homologous chromosome synapsis and segregation. The number of meiotic DSBs needs to be sufficient to allow chromosomes to search for and find their homologs, but not excessive to the point of causing genome instability. Here we report that meiotic DSB frequency in mouse spermatocytes is regulated by the mammal-specific gene Tex19. 
Introduction
Recombination plays key roles in meiosis and gametogenesis through facilitating the pairing and reductional segregation of homologous chromosomes, and by increasing genetic variation in the next generation. Meiotic recombination is initiated when programmed DNA double strand breaks (DSBs) are generated during the leptotene stage of the first meiotic prophase. Meiotic DSBs recruit a series of recombination proteins visualised cytologically as recombination foci, and initiate a search for homologous chromosomes thereby promoting homologous chromosome synapsis during zygotene. Recombination foci continue to mature while the chromosomes are fully synapsed in pachytene, and eventually resolve into crossover or non-crossover events. Crossovers exchange large tracts of genetic information between parental chromosomes, increasing genetic diversity in the population. Furthermore, these crossovers, which physically manifest as chiasmata, hold homologs together after they desynapse in diplotene and help to ensure that homologous chromosomes undergo an ordered reductional segregation at anaphase I [1, 2] .
Meiotic DSBs have a non-random distribution across the genome, and their frequency and location play an important role in shaping the recombination landscape [2, 3] . In male mice, a few hundred meiotic DSBs are generated during leptotene, around 20-25 of which mature into crossovers. The positions of meiotic DSBs across the genome are determined by PRDM9, a histone methyltransferase that mediates trimethylation of histone H3 lysine 4 (H3K4me3) at recombination hotspots [4, 5] . Meiotic DSBs are generated by an endonuclease that comprises SPO11 and TOPOVIBL subunits [2, 3, 6] . In mice, mutations in Spo11 result in fewer DSBs during leptotene and zygotene, and defects in the pairing and synapsis of homologous chromosomes [7] [8] [9] . The overall amount of SPO11 activity appears to be dynamically controlled at multiple levels during meiotic prophase. At the RNA level, Spo11 is alternatively spliced into two major isoforms, which appear to have distinct biological functions and whose relative abundance changes as meiotic prophase proceeds [10] [11] [12] . There also appears to be regulation of SPO11 activity at the protein level:
negative feedback mechanisms acting through the DNA damage-associated protein kinase ATM prevent excessive Spo11-dependent DSBs from being generated during meiosis, potentially limiting any genetic instability caused by errors arising during repair of the DSBs and meiotic arrest caused by unrepaired DSBs [13] ; whereas positive feedback mechanisms stimulate SPO11 activity in chromosomal regions that remain asynapsed during zygotene, helping to ensure that the homology search is successful and chromosomes synapse fully [14] .
Mutations in genes involved in positively regulating SPO11 activity in mammals might be expected to phenocopy Spo11 -/-mutants to some extent in having reduced numbers of DSBs in leptotene, and arrest at pachytene with chromosome asynapsis. One group of genes that is required for chromosome synapsis in mouse spermatocytes, but whose mechanistic role in meiosis is poorly defined, is the germline genome defence genes [15] . These genes are involved in suppressing the activity of retrotransposons in developing germ cells, and mutations in many of them cause defects in progression through the pachytene stage of meiosis [15] . Mutations in one of these germline (Fig 2) . Interestingly, the number of RPA foci is not statistically different from zygotene control nuclei (Fig 2) . The differential behaviour of RPA foci and RAD51 and DMC1 foci in Tex19.1 -/-spermatocytes suggests that the kinetics of recombination foci generation or maturation is perturbed in the absence of Tex19.1.
Meiotic recombination is initiated during leptotene [9] therefore we next investigated whether loss of Tex19.1 might perturb recombination foci frequency at this earlier stage of meiotic prophase.
Counts of RPA, DMC1 and RAD51 foci in leptotene nuclei revealed a severe reduction in the frequency of each of these foci in the absence of Tex19.1 (Fig 3) . The numbers of RPA foci, DMC1
foci and RAD51 foci in leptotene Tex19.1 -/-spermatocytes were reduced to 63%, 30%, and 60% of those present in control spermatocytes (Fig 3) . The bulk of the γH2AX generated in spermatocytes reflects the generation of Spo11-dependent meiotic DSBs, however small amounts of γH2AX are generated independently of Spo11 in these cells [9, 31, 32] . (Fig 4C, Fig 4D) . In addition, although loss of Tex19.1 impairs DMC1
foci frequency in a wild-type Spo11 background (Fig 2, Fig 3) , loss of Tex19.1 has no detectable effect on DMC1 foci frequency in a Spo11 -/-mutant background ( Fig 4E, Fig 4F) . Thus, loss of Fig S2A) , a 68% reduction in testis weight (Supporting Fig S2B) , and no detectable sperm in their epididymis (Supporting Fig S2C) , consistent with Ubr2 -/-spermatogenesis defects reported previously [40] . The seminiferous tubules in Ubr2 -/-mice contain reduced numbers of postmeiotic round and elongated spermatids, accumulations of pyknotic and zygotene-like nuclei consistent with meiotic defects (Supporting Fig S2D) Fig 6A, Fig 6B) .
We tested whether the meiotic defects in Ubr2 -/-spermatocytes might resemble the asynapsis seen in
Tex19.1 -/-spermatocytes (Fig 1A, 1B) . Chromosome spreads from Ubr2 -/-testes confirm that this
Ubr2 mutant allele causes defects in progression through meiotic prophase, and very few spermatocytes progress through pachytene into diplotene (Fig 6C) . Furthermore, around 40% of (Fig 6C, Fig 6D) . At higher magnification around 65% Ubr2 -/-pachytene nuclei have some autosomal asynapsis. Like in
Tex19.1 -/-spermatocytes ( Fig 1A, Fig 1B) , these asynapsed chromosomes are present in multiple configurations consistent with defects in recombination or homolog pairing (Fig 6E) . Similar to (Supporting Fig S2D, Supporting Fig S2E) . These data suggest that the defect in progression to pachytene previously reported in Ubr2 -/-mutants [40] may reflect loss of TEX19.1 protein and earlier defects in the initiation of recombination in these mutants. Furthermore, these data show that
Ubr2 and Tex19.1 are both required to generate sufficient meiotic DSBs to drive robust homologous chromosome synapsis in mouse spermatocytes.
-Page 14 - with Volocity software (PerkinElmer). These images were deconvolved using Volocity, a 2D image generated in Fiji [53] , and analysed in Adobe Photoshop CS6. DMC1, RAD51 and RPA foci were counted as recombination foci when they overlapped a chromosome axis. To measure leptotene γH2AX or H3K4me3 signal intensity, nuclear area was delimited using the DAPI signal, and signal intensity in that area quantified and corrected for background non-nuclear signal in 16 bit grayscale images using Fiji software. To assess the extent of synapsis in zygotene nuclei, the length of completely assembled synaptonemal complex was estimated relative to the length of axial/lateral element staining in that nucleus. For this and all immunocytological scoring, images were scored blind with respect to genotype by pooling control and knockout images, randomly assigning new filenames to each image, then decoding the filenames after scoring.
Chromatin Immunoprecipitation (ChIP)
Decapsulated P16 testes were macerated with razor blades in ice-cold PBS, tissue fragments were removed by allowing to settle, and testicular cells pelleted at 860g for 5 minutes at 4°C. were derived from DMC1 ChIP-seq data [5] .
Histology and In Situ Hybridisation
Histology of Bouin's-fixed testes, and in situ hybridisation of MMERVK10C probes to Bouin'sfixed testis sections were performed as described [23] .
qRT-PCR
RNA was isolated from macerated mouse testes using TRIzol (Invitrogen) and treated with Turbo DNAse (Ambion) to digest any genomic DNA contamination. 1µg DNAse-treated RNA was used to synthesise cDNA using Superscript III (Invitrogen). The cDNA was used as a template for qPCR using SYBR Select Master Mix (Applied Biosystems), and the relative quantity of RNA transcript calculated using the standard curve method as described by the supplier. The qPCR was performed on the LightCycler 480 (Roche), retrotransposon RNA levels were measured relative to β-actin, and normalised to control samples. Each biological replicate was assayed in triplicate, and alongside no reverse transcriptase and no template control reactions to confirm the absence of genomic DNA contamination.
Western Blotting
P16 testes were homogenised in 2× Laemmli SDS sample buffer (Sigma) with a motorised pestle, 
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